CD44 is implicated in cell-cell and cell-matrix adhesion, cell migration, and signaling. CD44 cleavage correlates with the tumor burden and metastatic potential in various cancers. In this study, we demonstrate that matrix metalloproteinase-9 (MMP-9) acts as a processing enzyme for CD44 cleavage. Further, this processing event stimulates cell motility and inhibition of either CD44 or MMP-9 inhibited cell migration. MMP-9 and CD44 co-localization on the cell surface was observed in the histological sections of human glioblastoma (GBM) tissues. Confocal microscopy and co-immunoprecipitation studies in GBM xenograft cells further confirm this interaction. The interaction of MMP-9 with CD44 induced CD44 cleavage which was inhibited by both transcriptional knockdown of MMP-9 and with MMP-9 specific inhibitor. Further, supplementation of purified and activated human MMP-9 (hMMP-9) in MMP-9-knockdown cells resumed CD44 cleavage and migration. Additionally, activated hMMP-9 protein induced cleavage of recombinant human CD44 (rhCD44) in an in vitro assay. Selective overexpression of either extracellular domain (CD44 ECD ) or intracellular domain (CD44 ICD ) confirmed that CD44 ECD played a role in cell migration and invasion. Taken together, our results suggest that MMP-9 is involved in the shedding of CD44 from cancer cells, which would promote the malignant potential of tumor cells.
INTRODUCTION
Glioblastoma (GBM) are the most common and malignant central nervous system tumors [1] . Current therapeutic modalities for GBM include combinations of surgery, radiotherapy and chemotherapy. However, these therapies remain ineffective and patients with GBM have a median survival time of less than one year [2] . An important feature of these highly aggressive tumors is their invasion and migration into the normal neural tissue with subsequent dispersion of isolated tumor cells far from the tumor core [3] . Invasive GBM cells remain embedded in the CNS after tumor removal and are thought to be resistant to adjuvant chemoradiotherapy [4] , thus causing inevitable dissemination and recurrence of the disease and failure of current therapeutic strategies in the long term [4] . Extracellular matrix (ECM) remodeling regulates multiple cellular functions required for normal development and tissue repair, and matrix metalloproteinases (MMPs) are key mediators of this process. The role of MMPs, specifically MMP-2 and MMP-9, has been widely documented in many physiological and pathological processes including migration, invasion and cell growth [1, 5] . Most MMPs are secreted as latent precursor forms (proMMPs) making enzyme activation a critical step in the regulation of MMP proteolytic activity. One of the critical determinants for optimal MMP function relies on its localization at the cell surface. Indeed, MMPs can transiently localize at the cell periphery in association with adhesion receptors or proteoglycans before being activated. Such mechanism has been described for proMMP-9 and MMP-9 in normal and malignant cells and their specific localization has notably been reported to involve the CD44 glycoprotein [6, 7] . CD44 is a single chain, single-pass, transmembrane glycoprotein, which is very widely expressed in physiological and pathological systems. CD44 was first characterized through the confluence of several areas of investigation, including hyaluronan-cell interactions, lymphocyte homing, and cell adhesion [8] . Although CD44 arises from a single gene, numerous transcripts are formed by alternative splicing. "Standard" CD44 is comprised of the constant, non-variant exon products, whereas "variant" isoforms arise by splicing of numerous additional exon products into a single site within the membrane-proximal region of the ectodomain [9] . Accumulating evidences have demonstrated that CD44 overexpression is associated with tumor progression and metastasis of multiple cancers through the activation of the survival signaling pathways [10, 11] . Carcinoma cells typically produce several variant forms of CD44 as well as standard CD44, whereas some tumor types (e.g., GBM) produce mainly the standard form. All forms of CD44 include an ectodomain or extracellular domain (CD44 ECD ) or a hyaluronan-binding domain, a transmembrane domain, and an intracellular domain (CD44 ICD ) [12] .
Here, we investigate the role of MMP-9 interaction with CD44 in controlling cell adhesion, migration and invasion. We show that MMP-9 is required for CD44 cleavage into the CD44 ECD and CD44 ICD in 4910 and 5310 GBM xenograft cells, which leads to the regulation of cell adhesion, migration and invasion. Our data highlight the biological significance of the MMP-9/CD44 complex in controlling intracellular signaling leading to GBM xenograft cell migration and invasion.
MATERIALS AND METHODS

Cells and reagents
4910 and 5310 xenograft cell lines (kindly provided by Dr. David James, University of California at San Francisco) are highly invasive in the mouse brain [13] and were generated and maintained in mice. At 3 to 4 passages of xenograft cells from mice, heterotrophic tumors were frozen. These frozen stocks were used for further experimental studies up to the 10th passage to obtain consistent results.4910 and 5310 cells were cultured in RPMI 1640 medium (Mediatech Inc., Herndon, VA) supplemented with 10% fetal bovine serum (Invitrogen Corporation, Carlsbad, CA), 50 units/ml penicillin, and 50 units/ml streptomycin (Life Technologies, Inc., Frederick, MD). Human astrocytes were purchased from Sciencell Research Laboratories (Carlsbad, CA) and were grown in astrocyte medium supplemented with 2% FBS, 1% penicillin-streptomycin and 1% astrocyte growth supplements. Cells were incubated at 37°C in a humidified 5% CO 2 atmosphere. Anti-CD44, anti-GAPDH (Abcam, Cambridge, MA), anti-MMP-9 primary antibodies, nonspecific IgG, Alexa Fluor®-, HRPconjugated secondary antibodies (Santa Cruz Inc., Santa Cruz, CA) were used in this study.
Hema-3® staining kit, purified human MMP-9 (hMMP-9; Millipore, Kankakee, IL), recombinant full length human CD44 (1-361 amino acids with a 26 kDa n-terminal GST tag) (rhCD44; Novus Biologicals, Littleton, CO), Human Brain Tumor Tissue Microarray, GL2082 (US Biomax, Inc, Rockville, MD), hyaluronic acid (MP Biomedicals, Solon, OH), MMP-9 Inhibitor-I, p-aminophenylmercuric acetate (APMA; EMD Biosciences, La Jolla, CA), trypsin enzyme and soybean trypsin inhibitor (Sigma, St. Louis, MO) were also used in this study.
cDNA and shRNA constructs
cDNA expression vectors for the extracellular domain (CD44 ECD ) and intracellular domain (CD44 ICD ) of CD44 were constructed in a pcDNA3.1 plasmid. The cDNA was amplified from total RNA of human microvascular endothelial cells, using the following primers: for CD44 ECD forward, 5′-CCGGACACCATGGACAAGTTTTGGTGGCAC-3′; and reverse, 5′-TGGAATTTGGGGTGTCCTTATAGGACCAGAGG-3′; for CD44 ICD , forward, 5′-CATTGCAGTCAACAGTCGAAGAAG-3′; and reverse, 5′-TTACACCCCAATCTTCATGTCC-3′. The CD44 shRNA expression vector was generated using Ambion shRNA resources (Applied Biosystems, Austin, TX). The shRNA constructs for MMP-9 (shMMP-9) and scrambled vector (SV) were constructed and amplified as described previously [14] . Two different target sequences located in the exon-2 (5′-AATAGCACCTTGCCCACAATG-3′) and the exon-10 (5′-AACGGAGAGGCCAGCAAGTCT-3′) nucleotide positions of CD44 cDNA were chosen to generate CD44 shRNA constructs. For each target, a double-stranded oligo comprised of two oligonucleotides that encode sense and antisense sequences, separated by a 9-bp spacer region (for loop formation), with BamHI and EcoRI overhangs, were designed and synthesized. These oligos were ligated into pcDNA3.1 to result in a final shRNA expression construct. 4910 and 5310 cells were transfected with the shRNA and SV constructs using FugeneHD (Roche Applied Science, Indianapolis, IN) as per manufacturer's instructions.
Gelatin zymography
Tumor conditioned medium was prepared as follows: after 36 hrs of control or test plasmid transfection, medium was removed from the 4910 and 5310 cells, cells were washed with PBS, 3 ml of serum-free medium was added, and cells were incubated overnight. MMP-9 secretion into conditioned medium was determined by gelatin zymography as described previously [14] . For immunoprecipitated samples, immunocomplexes were incubated with 1X Laemmli sample buffer for 30 min at room temperature and were resolved over gelatin-SDS-polyacrylamide gels. Gels were washed in 2.5% Triton-X-100 to remove SDS and followed by overnight incubation at 37°C in Tris-CaCl 2 buffer (pH 7.6). Gels were stained with Coomassie brilliant blue and subsequently de-stained for 1 hr. Gelatinolytic activities were identified as clear zones of lyses against a dark blue background.
Immunoprecipitation and immunoblotting analysis
4910 and 5310 cells were transfected with control, SV, shMMP-9, shCD44 ECD , shCD44 ICD , CD44 ECD or CD44 ICD for CD44 for 48 hrs. Whole cell lysates were prepared by lysing cells in radioimmunoprecipitation assay (RIPA) lysis buffer with proteinase inhibitors. Equal amounts of protein fractions or immunoprecipitates of lysates with indicated antibodies were resolved over SDS-PAGE and transferred onto the PVDF membrane. Specific protein bands were detected using primary antibodies and HRP-conjugated secondary antibodies, and then followed by the ECL system. Comparable loading of proteins on the gel was verified by reprobing the blots with an antibody specific for the housekeeping gene GAPDH.
Activation of purified human MMP-9 (hMMP-9)
hMMP-9 was activated as described earlier [15] . Briefly, hMMP-9 was optimally activated in Tris-Triton-Calcium buffer (TTC buffer; 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM CaCl 2 , 0.2 mg/ml NaN3, 0.05% v/v Triton X-100, 10 μM ZnCl 2 ), either by a 2 hr preincubation at 37°C with 2 mM 4-aminophenylmercuric acetate (APMA) or by a 30 min preincubation at 25°C with 10 μg/ml trypsin, followed by a 10-fold excess of soybean trypsin inhibitor. Activated MMP-9 by APMA was dialyzed using Slide-A-Lyzer MINI Dialysis Units (Pierce Biotechnology, Inc., Rockford, IL) as per manufacturer's instructions. Latent and active forms of MMP-9 were examined by immunoblotting.
In vitro CD44 cleavage assay
For the CD44 in vitro cleavage assay, recombinant full-length human CD44 (rhCD44; 1-361 amino acid with a 26 kDa N-terminal GST tag) was incubated with activated hMMP-9 in TTC buffer for 4-6 hrs at 37°C. The cleaved CD44 was analyzed by immunoblot analysis.
Immunocytochemical and immunohistochemical analyses
Immunocytochemical and immunohistochemical analyses were performed as described previously [16] . Briefly, 4910 and 5310 cells were cultured in chamber slides and transfected with control, SV, shMMP-9, shCD44 ECD , shCD44 ICD , CD44 ECD or CD44 ICD for CD44 for 48 hrs. Cells were washed with PBS and fixed in 4% Para-formaldehyde and 0.2% glutaraldedyde in PBS for 1hr. For immunohistochemical analysis, tissue sections (4-5 μm) were de-paraffinized in xylene and rehydrated in graded ethanol solutions. Non-specific binding was blocked by goat serum in PBS, followed by incubation with primary antibodies. Mouse IgG was used as a negative control. Expression was detected with either HRPconjugated secondary antibody followed by 3,3-diaminobenzidine solution or Alexa Fluor ® -conjugated antibody. For nuclear counterstaining, DAPI (for aqueous mounting) or hematoxylin (for hard mounting) was used and slides were mounted with aqueous mount and photographed with a microscope attached with a CCD camera.
Cell migration assay (wound healing assay)
4910 and 5310 cells were cultured in 6-well plates, pre-coated with 1 mg/ml hyaluronic acid (HA) at a concentration of 1×10 6 and transfected with control, SV, shMMP-9, shCD44 ECD , shCD44 ICD , CD44 ECD or CD44 ICD . Untreated cells were also maintained simultaneously. After 48 hrs of transfection, a straight scratch was made in individual wells with a 200-μl pipette tip. This point was considered as the 0 hr, and the width of the wound was photographed under the microscope. After 24 hrs, the cells were checked for wound healing and photographed again.
Matrigel invasion assay
4910 and 5310 cells were transfected with control, SV, shMMP-9, shCD44 ECD , shCD44 ICD , CD44 ECD or CD44 ICD . After 48 hrs of transfection, cells were trypsinized and 2×10 5 cells were placed into Matrigel-(with 1 mg/ml HA) coated transwell inserts with an 8-μm pore size. Cells were allowed to migrate through the Matrigel for 24 hrs. The cells in the upper chamber were removed with a cotton swab, while those cells that adhered to the outer surface of the transwell insert (i.e., the cells which had invaded the Matrigel) were fixed, stained using the Hema-3 stain kit (Millipore, Bedford, MA), and counted under a light microscope as described previously [14] .
Cell adhesion assay
Cells were transfected as described above for 48 hrs. Cells were trypsinized, and 5×10 4 cells were incubated on HA-coated microplates. Two hours later, unattached cells were removed by washing with PBS, and attached cells were fixed and stained using the Hema-3® staining kit and counted under a light microscope. The cellular adhesion was normalized to SVtransfected cells.
Statistical Analysis
Results were analyzed using a two-tailed Student's t test to assess statistical significance. Values of p<0.05 were considered statistically significant.
RESULTS
CD44 is upregulated in glioblastoma (GBM)
To determine CD44 expression levels in GBM, we analyzed by immunohistochemical (IHC) analysis using human brain tumor tissue microarray (Cat # GL2082; US Biomax, Inc, Rockville, MD) as per manufacturer's instructions. GBM tissue samples (31 samples with grade 4) showed intense immunoreactivity of CD44 compared to normal human brain tissue samples ( Fig. 1 , and Supplementary Table-1). Next, we sought to determine the interaction of CD44 and MMP-9 proteins in human tissue samples. As shown by confocal microscopy, significant high levels of CD44 and MMP-9 expression were observed to be co-localized on the cell membrane when compared to normal brain tissues ( Figs. 2A & B) . The association of high CD44 expression with GBM tissue and tumorigenicity in CD44 immunocompromised mice has been reported previously [17, 18] . The long-term established GBM cell lines may acquire a non-invasive/moderately invasive nature and do not exactly mimic the in vivo behavior of human GBM. In response to the aforementioned problems, we have used 4910 and 5310 GBM xenograft cell lines, which were generated and maintained in mice, for our in vitro studies. To verify the expression of CD44 and MMP-9 in 4910 and 5310 cells we performed immunoblot analysis from total cell lysates. As shown in Figure  3A , both xenograft cells expressed higher levels of CD44 and MMP-9 than normal human astrocytes. The standard 85 to 90 kDa form expressed the predominant CD44 isoform along with two cleaved forms, i.e., ~55 kDa and ~25 kDa, while the only 85 to 90 kDa CD44 isoform appeared predominantly in astrocytes.
MMP-9 interacts with CD44 in 4910 and 5310 xenograft cell lines
Association of CD44 with MMP-9 was shown to provide a mechanism for tumor invasion and migration [19, 20] . For this reason, we sought to determine the direct interaction of CD44 and MMP-9 proteins by co-immunoprecipitation in 4910 and 5310 xenograft cell lines. As shown in Figure 3B , we found that anti-MMP-9 antibodies, but not non-specific IgG control (negative control), specifically co-immunoprecipitated endogenous CD44. Similarly, anti-CD44 antibodies, but not non-specific IgG control (negative control), also specifically co-immunoprecipitated endogenous MMP-9 (Fig. 3B) . Further, those observations were confirmed by florescence microscopy using anti-MMP-9 and anti-CD44 antibodies in cells (Fig. 3C) . These results suggest that MMP-9 interacts with CD44 in xenograft cells.
MMP-9 promotes the cleavage of CD44 into the extracellular domain (CD44 ECD ) and intracellular domains (CD44 ICD ) in 4910 and 5310 xenograft cells
It has been well documented that CD44 cleavage mediated by a membrane-associated metalloprotease expressed in cancer cells, and metalloprotease inhibitors inhibit CD44 cleavage in a cell-free assay [21] . Since MMP-9 interacts with CD44 we further examined whether CD44 cleavage is dependent on the interaction of MMP-9 in 4910 and 5310 cells. Initially, we knocked-down MMP-9 by using a shRNA against MMP-9 (shMMP-9) [14] and confirmed the efficacy of shMMP-9 (Fig. 4A) . Next, we performed immunoblot analysis for CD44 in MMP-9 knockdown cells and observed that the bands corresponding to CD44 full length (~85 kDa), CD44 ECD (~55 kDa) and CD44 ICD (~25 kDa) forms in control and SVtransfected cell lysates (Fig. 4B) . Surprisingly, cleaved CD44 forms corresponding to CD44 ECD (~55 kDa) and CD44 ICD (~25 kDa) were decreased (>90%) and accumulation of the CD44 full length (~85 kDa) form was increased in shMMP-9-transfected cells (Fig. 4B) . To further confirm MMP-9 involvement in CD44 cleavage, we supplemented purified human MMP-9 (hMMP-9) protein to MMP-9 downregulated cells and performed immunoblot analysis for CD44. As shown in Figure 4B , supplementation of hMMP-9 in shMMP-9-transfected cells caused reversion of shMMP-9-inhibited CD44 cleavage. Further, endogenous MMP-9 or hMMP-9-induced CD44 cleavage was inhibited by MMP-9 inhibitor 1, a MMP-9 specific inhibitor, in 4910 and 5310 cells (Fig. 4B) .
hMMP-9 cleaves recombinant full length CD44 (rhCD44) in in vitro
To investigate the proteolytic cleavage of CD44 in an in vitro assay, we initially activated purified hMMP-9 protein using either Trypsin or p-Aminophenylmercuric Acetate (APMA) (Fig. 4C) . Full-length recombinant CD44 protein (1-361aa with GST tag) was incubated with activated hMMP-9 protein and analyzed for CD44 cleavage by immunoblot analysis. As shown in Figure 4C , activated hMMP-9 significantly induced cleavage of CD44 and this cleavage was inhibited in the presence of MMP-9 specific inhibitor. These data suggest that the MMP-9 is involved in cleavage of CD44 in GBM xenograft cells. The summary of CD44 cleavage is shown in a schematic representation (Fig. 4D ).
Knockdown of CD44 inhibits 4910 and 5310 xenograft cell adhesion, migration and invasion
CD44 is known to express in many types of metastatic tumor cells and has been shown to promote migratory potential of these cells [22] [23] [24] . CD44 cleavage plays a critical role in efficient cell detachment from a hyaluronate substrate during cell migration and consequently promotes CD44-mediated cancer cell migration [21] . In this context we next investigated the significance of CD44 cleavage in adhesion, migration and invasion. To examine this, we constructed two shRNAs (against extracellular domain region exon 2; shCD44 ECD and intracellular domain region exon 10; shCD44 ICD ) that can target CD44 (Fig. 5A) . The efficacy of CD44 shRNAs was assessed in CD44 shRNA-transfected cells by immunoblot analysis. As shown in Figure 5B , both CD44 shRNAs significantly inhibited expression of CD44 (>80%) compared to control and SV-transfected cells.
Next, to evaluate the effects of CD44 inhibition on the adhesion of 4910 and 5310 cells on hyaluronic acid (HA) coated plates, we compared the cell adhesion of CD44 shRNAstransfected cells with that of the control and SV-transfected cells. As shown in Figure 6A , control and SV-transfected cells were able to adhere on HA-coated plates. Setting the celladhesion index at 100% in the absence of the shRNA-transfection, shCD44 ECD or shCD44 ICD constructs showed more than 60% reduction in adhesion. Further, we assessed the effect of shCD44 ECD or shCD44 ICD constructs on the migration of 4910 and 5310 cells on HA-coated plates by a wound-healing assay. Wound repair of the shRNA-transfected cells was more than 40% of that in the control and SV-transfected cells as determined by ImageJ analysis (Fig. 6B) . The invasive potential of the 4910 and 5310 cells after transfection with shCD44 ECD or shCD44 ICD constructs was determined using the Matrigel invasion assay. Figure 6C shows significantly decreased amount of invaded cells through the Matrigel with shRNAs against CD44 compared with the control and SV-transfected cells. ImageJ quantitative analysis indicated that tumor cell invasion decreased >60% in cells transfected with shCD44 ECD or shCD44 ICD (Fig. 6C ).
Knockdown of CD44 inhibits MMP-9 secretion and activity but not expression
The CD44 molecule has been reported to serve as a docking molecule to retain MMP-9 activity at the cell surface [25] . Subsequently, we investigated expression and activity of MMP-9 in CD44 shRNA-transfected 4910 and 5310 cells. Zymographic analysis of conditioned medium from cells transfected with control and SV showed significantly high MMP-9 activity. In contrast, conditioned medium from cells transfected with CD44 shRNAs showed a remarkable decrease (80-90%) in MMP-9 activity compared with conditioned medium from cells transfected with control and SV (Fig. 7A) . To find out whether knockdown of CD44 affected expression of MMP-9, we examined the levels of MMP-9 by immunoblot analysis from total cell lysates. Surprisingly, as shown in Figure 7A , MMP-9 levels were not changed in cells due to transfections with CD44 shRNAs. These results suggest that knockdown of CD44 inhibits secretion and activity of MMP-9, whereas it did not significantly affect the expression of MMP-9.
CD44 ECD and CD44 ICD are involved in different functional aspects in xenograft cells
To delineate the CD44/MMP-9-mediated signaling mechanisms involved in GBM cell migration and invasion, we used plasmids containing cDNA that overexpress specific domains of CD44; CD44 ECD and CD44 ICD . To overexpress either the CD44 ECD or CD44 ICD domain, we transfected cells with CD44 ECD or CD44 ICD in conjunction with shRNA against an alternate domain and cell lysates were analyzed for CD44 expression. As shown in Figure 5B , overexpression of the CD44 ECD domain was achieved by transfecting cells with CD44 ECD and shCD44 ICD ; similarly, overexpression of the CD44 ICD domain was achieved by transfecting cells with CD44 ICD and shCD44 ECD .
To further demarcate the effect of selective expression of CD44 domains on migration, invasion and cellular adhesion, we transfected cells as described above and performed migration, invasion and adhesion assays. As shown in Figures 7B and C, selective expression of CD44 ECD reversed CD44 shRNA-inhibited migration and invasion. On the other hand, selective expression of CD44 ECD did not show any reversal on CD44 shRNAinhibited cellular adhesion (Fig. 7D) . Further, selective expression of CD44 ICD did not show any effect on CD44 shRNA-inhibited migration and invasion, but CD44 shRNA inhibited cellular adhesion reverted back to those levels of controls (Figs. 7B-D) . Collectively, these results indicate that the extracellular domain of CD44 is involved in cell migration and invasion, while the intracellular domain is involved in cell adhesion.
We next investigated the effect of specific domain overexpression on activation of MMP-9 in xenograft cells. Selective expression of the CD44 ECD significantly restored CD44 shRNA-inhibited MMP-9 secretion and activity in CD44 ECD and shCD44 ICD -transfected cells. However, selective expression of CD44 ICD did not restore CD44 shRNA-inhibited MMP-9 secretion and gelatinolytic activity in CD44 ICD and shCD44 ECD -transfected cells (Fig. 7E ).
CD44 ECD is involved in activation of MMP-9 in xenograft cells
To assess which domain of CD44 is involved in activation of MMP-9, we downregulated MMP-9 and supplemented with MMP-9 proenzyme (hMMP-9) in CD44 ECD or CD44 ICD overexpressed cells and performed migration and invasion assays. Figure 8 shows that either MMP-9 or CD44 knockdown significantly inhibited migration and invasion by up to 60-85% compared with control and SV. Supplementation of hMMP-9 in CD44 ECD overexpressed and MMP-9 downregulated cells restored migration and invasion response equivalent to control and SV-transfected cells within 24 hours. In contrast, supplementation of hMMP-9 did not restore the migration and invasion in CD44 ICD overexpressed and MMP-9 downregulated cells. The complete restoration of migration and invasion in hMMP-9 supplemented and CD44 ECD overexpressed cells suggests that CD44 ECD domain involved in secretion and activation of MMP-9.
DISCUSSION
The invasion of neoplastic cells into healthy brain tissue is a pathologic hallmark of GBM and contributes to the failure of current therapeutic modalities such as surgery, radiation and chemotherapy. GBM cells have the ability to invade as single cells through the unique environment of the normal central nervous system (CNS). The integrins and the hyaluronan receptor CD44 are specific adhesion receptors active in GBM-ECM adhesion. These adhesion molecules play a major role in GBM cell-matrix interactions because the neoplastic cells use these receptors to adhere to and migrate along the components of the brain ECM. They also interact with proteases like matrix metalloproteinases (MMPs), which secrete during GBM progression degrade ECM allowing tumor cells to spread and diffusely infiltrate the brain parenchyma [12, [26] [27] [28] .
It has been demonstrated that gelatinases (MMP-2 and MMP-9) and CD44 levels correlate with the malignant nature of GBM [29, 30] . CD44 is composed of an extracellular domain (CD44 ECD ) that contains an HA-binding site, a transmembrane domain, and a cytoplasmic domain (CD44 ICD ). There is a possibility that some MMPs or ADAM family member(s) cleave CD44 [12, [26] [27] [28] and thus CD44 cleavage has been implicated in tumor cell migration in vitro [12, 26, 31, 32] . The elevated levels of cleaved or soluble forms of CD44 correlate with the tumor burden and metastatic potential in various cancers which has been previously shown [12, 17, 33] . Therefore, the focus of this investigation was to determine the role of MMP-9 in CD44 cleavage and the involvement of cleaved CD44 domains in cell migration. In this study, we observed that GBM tissues and cells overexpress MMP-9 and CD44 when compared to normal tissues and astrocytes. Further, interaction of MMP-9 with CD44 induces CD44 cleavage, resulting in fragments of CD44 to extracellular domain (CD44 ECD ) and intracellular domain (CD44 ICD ). Both, MMP-9 shRNA and a MMP-9 specific inhibitor (MMP-9 Inhibitor-I) inhibited MMP-9-mediated proteolytic cleavage of CD44, and supplementation of purified hMMP-9 reverted MMP-9 shRNA inhibited proteolytic cleavage of CD44 in GBM xenograft cells. This observation suggests that MMP-9 is a candidate for CD44 cleavage in GBM cells. It has been shown previously that CD44 shedding was induced by an unknown TIMP-1 sensitive metalloproteinase in U251MG GBM cells and that cleavage was inhibited by metalloprotease inhibitors [34] . Other MMPs, especially MT1-MMP, ADAM10 and ADAM17 have been previously shown to be involved in cleavage of CD44 in various cancer cells [12, [26] [27] [28] .
In this study, we have shown that MMP-9 associates with CD44 on the cell surface and induces CD44 cleavage. Inhibition of MMP-9 expression either by shRNA or MMP-9 inhibitor-I inhibited MMP-9 induced CD44 cleavage. In addition, selective overexpression of CD44 ECD restored MMP-9 secretion and its gelatinolytic activation. Further, supplementation of human purified pro-MMP-9 in MMP-9 downregulated and selectively overexpressed CD44 ECD or CD44 ICD revealed that CD44 ECD interaction is sufficient for activation of MMP-9. These results demonstrated that CD44 ECD , but not CD44 ICD , is involved in MMP-9 activation and secretion. In other studies, large amounts of MMP-9 accumulate in the medium and cell membrane when breast tumor cells undergo antibodymediated CD44 crosslinking, indicating that signaling occurs after CD44 receptor stimulation and induces MMP-9 expression on cell membranes [35] . Pre-incubation of anti-MMP-9 antibodies before the antibody-mediated crosslinking of CD44 or the addition of MMP inhibitors inhibited invasive property and cell growth, indicating that activated MMP-9 is a main participant in the tumor invasion process. Disruption of CD44/MMP-9 cluster formation on the cell surface by overexpression of soluble or truncated cell surface CD44 inhibited tumor invasiveness in vivo [35] . However, the mechanism for activation of MMP-9 on the cell surface is not known. Proteolytic activation of pro-MMP-9 is accomplished by different mechanisms and is thought to be more effective at the cell surface than in the ECM [36, 37] . CD44 has been also demonstrated to serve as a docking molecule to retain MMP-9 activity at the cell surface in breast cancer cells [35] . Here, we demonstrated that this selective overexpression of CD44 ECD induces secretion and activation of MMP-9. These evidences suggest that the stimulation of CD44 induces the production of active MMP-9 and is involved in the process of tumor cell invasion and migration.
We further demonstrate that the CD44-mediated cell migration, invasion and adhesion are inhibited by transcriptional knockdown of CD44 using shRNA on a hyaluronic acid (HA) matrix. Selective expression of CD44 ECD significantly repressed CD44 siRNA effect on cell migration and invasion; however, it had no effect on cell adhesion. Alternatively, selective overexpression of CD44 ICD was unable to reverse CD44 siRNA effect on cell migration and invasion, but was able to repress CD44 siRNA effect on cell adhesion. Further, we observed that supplementation of hMMP-9 induced more CD44 cleavage and induction of CD44. Earlier studies showed that the active form of MMP-9 interacts with the variant isoform of CD44, localized on the invadopodia, in breast cancer cells [12, 38] . The overexpression of the oncogenic mutant of Ha-Ras in HIH3T3 cells resulted in enhancement of expression and CD44 extracellular domain cleavage, accompanied with the promotion of CD44-mediated cell migration [39] . MT1-MMP binds to CD44 through the PEX domain and is localized at the lamellipodia, where CD44 acts as a link between MT1-MMP and the actin cytoskeleton in invasive cancer cells [40] . It has been demonstrated that clustering of MMP-9 is observed in advancing lamellepodia at the forefront of endothelial cells where this proteinase colocalized with RhoA and CD44, and was necessary for endothelial cell invasion [41] . In another study on chronic lymphocytic leukemia (CCL) cells showed that formation of a supramolecular cell surface complex of CD38, CD49d, MMP-9 and CD44 was necessary for cell migration and invasion [42] . Further, a physical association of CD38, CD49d, MMP-9 and CD44 at the supramolecular cell surface complex was associated with poor prognosis in CCL patients [43] . A recent study showed that MMP-9 enhanced cell migration was independent to its activation. Either homodimerization of MMP-9 or heterodimerization with CD44 was shown to be sufficient for enhancement of cell migration [44] . Further, downregulation of CD44 in COS-1 cells significantly decreased cell migration, and overexpression MMP-9 in these CD44 depleted cells did not recover CD44 inhibited migration [44] . Cumulatively, these evidences suggest that coordination of MMP-9, CD44 and other components are necessary for efficient cell invasion and migration. In this study we show that CD44 downregulation inhibited tumor cell migration. Further, transcriptional knockdown of CD44 inhibited cell migration and MMP-9 secretion but not expression.
It has been reported that CD44 ICD translocates to the nucleus and potentiates CPB/p300 mediated transactivation of downstream target genes [12] . Nuclear translocated CD44 ICD also induces high levels of CD44 mRNA which provides a feedback mechanism for regulating CD44 expression [12, 17, 33] . It was suggested that the cleaved CD44 ECD induces cell crawling at the leading edge on a HA matrix, along with lamellipod extention which induces mechanical stretching of cells, triggering extracellular Ca 2+ ion flux through stretchactivated Ca 2+ channel [12] . This process rapidly activates metalloproteases followed by CD44 cleavage and facilitates cell detachment from the HA matrix at the rear of the cells. The CD44 ICD , generated by the sequential proteolytic cleavage by metalloproteases, induces expression of the CD44 transcript, promoting attachment of the newly synthesized CD44 [12, 33, 34] . Thus, the rapid turnover of CD44 is linked to the proteolytic cleavage and transcriptional activation of MMP-9 enabling efficient cell migration.
In conclusion, CD44 in GBM cancer cells is proteolytically cleaved into the extracellular domain (CD44 ECD ) and intracellular domain (CD44 ICD ) by MMP-9. Further, expression of CD44 is at least partially responsible for the secretion and activation of MMP-9. This regulatory mechanism involved in CD44-mediated tumor progression (extracellular domain in tumor cell migration and invasion and intracellular domain in cellular adhesion) is a wellcoordinated and independent mechanism. Identifying CD44 cleavage products, such as MMP-9, and understanding how CD44 cleavage-mediated adhesion and migration via MMP-9 will provide novel strategies for the development of new therapeutic approaches for cancer treatment.
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Refer to Web version on PubMed Central for supplementary material. were determined by immunoblot analysis using specific antibodies. The immunoblot was stripped and re-probed with GAPDH antibody as a loading control. The experiments were repeated three times and a representative blot is shown. (B) 4910 and 5310 cells were cultured for 24 hrs, collected, and lysed in radioimmunoprecipitation (RIPA) buffer. Equal amounts of proteins were co-immunoprecipitated (IP) with anti-CD44, anti-MMP-9, or nonspecific antibodies (for negative control). The immunocomplexes were subjected to SDS-PAGE for immunoblotting with specific antibodies. A band of IgG is shown as a control. For gelatin zymography, immunocomplexes were incubated in Laemmli sample buffer for 30 min at room temperature and supernatants were analyzed over gelatin containing SDS-PAGE. The experiments were repeated three times, and a representative blot is shown. (C) Cells were cultured in 8-well chamber slides for 24 hrs. Immunocytochemistry was performed for co-localization (yellow) of CD44 (red) and MMP-9 (green) using specific antibodies. Nucleus was counter stained with DAPI. Also shown is the negative control where the primary antibody was replaced by non-immune serum (Inset). The experiments were repeated three times, and representative pictures are shown. (Micrographs 60X) shMMP-9 for 48 hrs. Total cell lysates were subjected to immunoblot (IB) analysis for MMP-9 and CD44 expression. The blot was stripped and re-probed with GAPDH antibody as a loading control. The experiments were repeated three times, and a representative blot is shown. Bottom: 4910 and 5310 cells were transfected with shMMP-9, the medium was aspirated after 36 hrs of incubation, 3 mL of serum-free medium were added, and cells were incubated overnight. Conditioned medium was collected and used for gelatin zymographic analysis for secreted MMP-9 gelatinolytic activity. The experiments were repeated three times and a representative zymograph is shown. (B) 4910 and 5310 xenograft cells were treated with shRNA for MMP-9 for 36 hrs. Cells were supplemented with purified human MMP-9 or treated with MMP-9 inhibitor 1 for another 12 hrs. Total cell lysates were analyzed for expression of CD44 by immunoblotting using antibodies specific for CD44 and (A) 4910 and 5310 xenograft cells were transfected with control, SV, shCD44 ECD and shCD44 ICD -transfected. Top: Conditioned medium was prepared and gelatin zymographic analysis for MMP-9 activity was performed as described in Figure 4A . Bottom: Immunoblot analysis for CD44 and MMP-9 was performed on total cell lysates using antibodies specific for CD44 and MMP-9. GAPDH served as a loading control. The experiments were repeated three times and a representative blot is shown. (B) 4910 and 5310 cells were cultured and transfected with control, SV, shCD44 ECD, shCD44 ICD, shCD44 ICD + CD44 ECD or shCD44 ECD + CD44 ICD . After 48 hrs of transfection, migration assay was carried out as described in Figure 6B . Migrated cells were quantified and normalized to the number of migrated cells in SV-transfected cells. Columns: mean of triplicate experiments; bars: SE; *p<0.01, significant difference from SV control; **p<0.05, significant difference from shCD44 ICD alone. (C) Cells were transfected as described above and a matrigel invasion assay was performed as described in Figure 6C . The cells that adhered to the outer surface of the transwell insert were fixed, stained and were quantified by counting. The levels of cell invasion were normalized to cell invasion in SV-transfected cells and are represented in arbitrary units (AU). Columns: mean of triplicate experiments; bars: SE; *p<0.01, significant difference from SV control; **p<0.05, significant difference from shCD44 ICD alone. (D) After 48 hrs of transfection as mentioned above, an adhesion assay was performed as described in Figure 6A . Two hours later, unattached cells were removed by washing with PBS and attached cells were fixed and stained using the Hema-3® staining kit. The cells were counted under a light microscope. Quantified cellular adhesion results were normalized to SV-transfected cells and were represented in percentages. Columns: mean of triplicate experiments; bars: SE; *p<0.01, significant difference from SV control; **p<0.05, significant difference from shCD44 ECD alone. (E) 4910 and 5310 cells were transfected with SV, shCD44 ECD , shCD44 ICD , CD44 ECD and CD44 ICD , either individually or in combination as shown in Figure. Top: Gelatin zymographic analysis for MMP-9 activity was performed as described in Figure 4A . Bottom: Immunoblot analysis for CD44 and MMP-9 was performed from total cell lysates using antibodies specific for CD44 and MMP-9. GAPDH served as a loading control. The experiments were repeated three times and a representative blot is shown. 4910 and 5310 cells were cultured and transfected with control, SV, shMMP-9, shCD44 ECD , shCD44 ICD , shCD44 ICD + CD44 ECD or shCD44 ECD + CD44 ICD individually or in combination and supplemented with pro-MMP-9 (purified recombinant human MMP-9) as shown in the figure. After 48 hrs of transfection, migration and invasion assays were carried out as described in Figure 7B and C. Cell migration and invasion were quantified and normalized to the cells in SV-transfected cells. Columns: mean of triplicate experiments; bars: SE; *p<0.01, significant difference from SV control; **p<0.05, significant difference from shMMP-9 treatment alone. @ p<0.01, significant difference from shMMP-9 + shCD44 (shCD44 ICD or shCD44 ICD ) + hMMP-9.
